Abstract A new time-resolved shifted dual transmission grating spectrometer (SDTGS) is designed and fabricated in this work. This SDTGS uses a new shifted dual transmission grating (SDTG) as its dispersive component, which has two sub transmission gratings with different line densities, of 2000 lines/mm and 5000 lines/mm. The axes of the two sub transmission gratings in SDTG are horizontally and vertically shifted a certain distance to measure a broad range of 0.1-5 keV time-resolved X-ray spectra. The SDTG has been calibrated with a soft X-ray beam of the synchrotron radiation facility and its diffraction efficiency is also measured. The designed SDTGS can take full use of the space on a record panel and improve the precision for measuring spatial and temporal spectrum simultaneously. It will be a promising application for accurate diagnosis of the soft X-ray spectrum in inertial confinement fusion.
Design of Time-Resolved Shifted Dual Transmission Grating
Spectrometer for the X-Ray Spectrum Diagnostics * 
Introduction
In laser produced plasma experiments, precise measurement of the soft X-ray spectra is crucial to help understand the mechanism of the laser-plasma interactions and plasma conditions [1, 2] . The transmission grating spectrometer (TGS) has been extensively used to measure soft X-ray spectra in laser plasmas diagnostics [3−7] , which shows a good spectral resolution, a wide photon energy range, and simple operation. In previous studies, a 2000 lines/mm grating that can achieve a spectral resolution of about 0.25 nm [9] has been widely selected to measure the laser-created soft X-ray spectrum [8, 9] . In order to further improve the spectral resolution, increasing attentions have been paid to the high line density transmission grating [10, 11] . However, when coupled with a streak camera to record the time-resolved soft X-ray spectra, the high line density transmission grating shows a poor spectral range due to the limited photocathode length in a streak camera. For example, by using a 5000 lines/mm grating coupled with a streak camera, only 0.08 keV to 1.24 keV spectra can be obtained [11] . Therefore, a novel shifted dual transmission grating spectrometer (SDTGS) is herein fabricated and when coupled with a streak camera, a 0.1-5 keV timeresolved spectra can be obtained. The spectrometer's key component is the SDTG. Yang et al. (2003) [12] and D. Kumer et al. (2012) [13] reported that they had used dual transmission grating previously. However, two transmission gratings in Yang's scheme were aligned along the optical path to diffract the X-ray twice, while the two gratings in Kumar's scheme were used to record the X-ray spectrum coupled with a CCD camera without temporal resolution, which confirmed the feasibility of the experiment design, but there were no direct experimental results to support their design. In contrast to previous dual transmission grating schemes, our SDTG has two sub transmission gratings, 2000 lines/mm and 5000 lines/mm, by which the axes are shifted horizontally and vertically with a certain distance. One sub grating is designed to measure the soft X-ray spectrum range from 0.1 keV to 1.09 keV and the other is responsible for the range of 1.09 keV to 5 keV. Two sections of X-ray spectrum are projected onto the cathode slit length of the streak camera and broad band time-resolved spectra are recorded.
Design principle
Generally, the low line density grating has an adequate spectral resolution in a low photon energy range, but poor in a high photon energy stage. The spectral resolution can be further enhanced when using high line density grating, but the measured spectral range is reduced because it is limited by the length of photocathode in the X-ray streak camera. Differing to the traditional transmission spectrometer, our SDTGS uses the shifted dual transmission grating (SDTG) to diffract the X-ray. The SDTG with two sub transmission gratings is shown in Fig. 1(a) .
In our SDTG scheme, the low line density grating G 1 is used to measure the low photon energy stage, and the high line density grating G 2 aims to measure the high photon energy stage. Accordingly, a dual slit is placed on the streak cameras and divides the photocathode into two parts, thus a spliced spectral can be obtained. These grating are shifted along the x and y axes, the shifted distance in the x axis determines the obtained spectral range and resolution, and the shifted distance in the y axis can avoid the spectral fold, which depends on the spectral width. Our time-resolved SDTGS is displayed in Fig. 1(b) , where L 1 is the distance between the irradiating source and the used SDTG, and L 2 is the distance from the SDTG to the dual slit. Fig. 2(a) shows the schematic layout of the SDTG, in which the soft X-ray from the laser illuminating targets firstly penetrates an entrance aperture, and then is dispersed by the grating. Meanwhile, two different X-ray spectra with high resolution will be recorded on the photocathode. A dual slit is added before the screen to eliminate the undesired signals (such as duplicated spectra), and also acts to determine the time-resolved spectra. As a result, a wide soft X-ray spectrum with high resolution can be obtained on the streak camera. The grating G 1 determines the measured maximum spectral length λ 4 , and the grating G 2 is used to measure the part spectral ranging from λ 1 to λ 2 , aiming to improve the resolution in this range, and thus it should be supposed that λ 2 is smaller than λ 4 . As shown in Fig. 2(a) , in order to take the best use of the length of the photocathode in the X-ray streak camera, the dual slit should be placed over the position of the 0 th order diffraction of the gating G 2 , and the red dot denotes a certain position in agreement with the value of λ 1 , so λ 1 should be bigger than λ 0 , where λ 0 is the wavelength in 0 th order diffraction of the gating G 2 . Fig. 2 (b) presents a spectrum measured using the SDTG, which consists of two parts including a green bar and a red one, obtained separately using the grating G 1 and the grating G 2 . Y 1 and Y 2 are the X-ray spectra exposed to G 1 and G 2 , respectively. The positions of λ 2 and λ 3 represent the wavelength cut by a dual slit.
Dispersion of the X-ray by the grating can be expressed by the Bragg relation
where θ is the diffraction angle, m is the diffraction order, d is the grating period and λ is the X-ray wavelength. Moreover, the relationship between the wavelength and the dispersed distance of the X-ray spectrum can be obtained from Eq. (2)
Thus, the total dispersed length Y can be deduced 
where s is the source size, and A is the entrance slit width. We can thus use spectral resolution capacity (SRC: λ / ∆λ ) to evaluate the performance of the spectrometer. The SRC of SDTGS can be demonstrated as follows
For SDTGS, temporal resolution is determined by the coupled streak camera, the streak camera now used in our work can reach a temporal resolution of 10 ps [14] . Similarly, the diffraction efficiency of SDTG η (ε) is also expressed as a sectional function
where η 1 (ε) is the diffraction efficiency of grating G 1 and η 2 (ε) is the diffraction efficiency of grating G 2 . The diffraction efficiency of SDTG can be obtained by calibration of each sub grating on the synchrotron radiation facility. Once the diffraction efficiency curve is determined, the X-ray source spectrum S (ε) obtained by the SDTGS can be further obtained using Eq. (7) [15]
where I is the streak camera output distribution and α (ε) is the overall streak camera response at energy ε, (here we merely take into account the 1 st order diffraction).
Sample component
In order to validate the aforementioned design principle, a sample component has been designed, in which low line density grating G 1 is 2000 lines/mm, and the high line density grating G 2 is 5000 lines/mm. The typical design layout is based on the result in Fig. 1 , here we select L 1 =1500 mm with the limit of experimental conditions. The photon coverage is designed as 0.1 keV to 5 keV that is important in inertial confinement fusion for X-ray diagnostics, resulting in λ 1 =0.248 nm, and λ 4 =12.4 nm, in agreement to the line density of grating and practical experience, and also to make the moderate spectral resolution by the grating G 1 and G 2 smooth and stable. The value of SRC is hereby assumed to be 10.
With regard to the streak cameras used in the Shenguang-III laser facility, the length of photocathode is 30 mm, so we set Y 1 <30 mm. According to Eq. (2), we can thus confirm L 2 <1209 mm if neglecting the higher order diffractions. Once the estimated parameters are obtained, an iterative procedure will be carried out to calculate the accurate parameters when we take the spectrometer's constraint conditions into account.
Based on the requirement of experimental conditions, we can conclude the optimized SDTG in this investigation, including that a) the spectral range locates in the soft X-ray region, b) the length of recording plane is less than 30 mm, and c) the spectral resolution capacity in λ 2 is 10. Therefore, we can obtain the designed parameters as expressed by Eqs. (3) and (5).
So the optimum distance L 2 can be assumed to be L 2 <1069 mm. Further, we are also able to compute the wavelength of λ 2 to 1.14 nm, equal to 1.09 keV. Hence, the value of SRC for grating G 1 is estimated to 10-109 and for grating G 2 is 5-25, and the spectral resolution for grating G 1 and G 2 are 0.11 nm and 0.05 nm, respectively. Meanwhile, the record lengths in the phosphor screen dispersed by grating G 1 and G 2 are 23.9 mm and 6 mm and the value of X 0 is 3.5 mm. According to this theoretical analysis, we confirm the main parameters in this work for SDTGS. Table 1 displays the main design parameters. 
Calibration and discussion
Meanwhile, we fabricate the grating according to these parameters in Table 1 and the structural parameters are also listed in Table 2 . The SDTG is prepared at the Institute of Microelectronics Chinese Academy of Science, where grating G 1 is supported by a larger metal grid that can be used to measure the low photon energy; and grating G 2 with a polyimide film as the support structure aims to simplify the fabricating procedures, used to measure high photon energy, and can also avoid impurity absorption. The grating area is 1×1 mm 2 and the grating period is 500 nm in grating G 1 and 200 nm in grating G 2 . Moreover, the duty ratios are 0.5 for both. The main parameters of SDTG are listed in Table 2 . The calibration experiment was performed at the 4B7B beam-line on the Beijing Synchrotron Radiation Facility. The recorder was designed using a Princeton Instruments PIXIS-XO 2048B CCD detector that had 2048×2048 pixels of size 13.6 µm for each. The raw spectra were obtained using the SDTG with different photon energies and exposure times. Fig. 3(a) shows the dispersed spectrum exposed by the 280 eV photon energy at the low energy stage. In this diagram, different diffraction spectra have been obtained using 2000 lines/mm and 5000 lines/mm grating to exposure; this photo indicates that the spectrum is greatly dispersed. Fig. 3(b) presents the 1000 eV photon energy spectrogram with the SDTG. If we change the length of L 2 , which will not modify the distance in both zero order diffraction of the central, it can be seen that the value will come to 3.5 mm, corresponding to the theoretical calculation. If the length of L 2 is set to about 50 cm in this experiment, we can calculate the first order diffraction distance vertically in two gratings to be 0.2 mm, so the CCD can completely distinguish it, avoiding the spectrum overlap in two gratings. If we add partial spectra in grating G 1 and G 2 , the full spectra in the region of soft X-ray can be obtained, which can be clearly seen from the block diagram highlighted with a red dash line in Fig. 3(b) . From this calibration, the absolute diffraction efficiency of the SDTG can be clearly seen in Fig. 4 , where the dark line gives the first order diffraction efficiency of the SDTG, and the red and green lines depict the second and third order diffraction efficiency of this SDTG, respectively. Thus, the diffraction efficiency of the SDTG can be used to get the source spectrum from an iterative procedure. 
Conclusion
We proposed a new dual transmission grating spectrometer called SDTGS. The key component of our SDTGS was a dual shifted transmission grating (SDTG). The SDTG was composed of two sub transmission gratings, one sub grating was designed to measure the soft X-ray spectrum 0.1-1.09 keV while the other measured 1.09-5 keV. Coupling the SDTG with a streak camera, high time and spectral resolution can be obtained in the region of soft X-ray spectra with limited recording surface. In addition, the imaging properties of the SDTG were characterized in the X-ray region in detail by calibration. The results were consistent with our anticipation and the diffraction efficiency of SDTG was also obtained. Furthermore, a detailed experiment will be scheduled to test and verify the feasibility of the SDTG spectrometer. Eventually, this SDTG may become a promising device, expected to be used for an excellent quality, high resolution, and broad X-ray spectral ranges in the diagnostics of inertial confinement fusion.
